Motivated by the indications of a possible deficit of muon tracks in the first three-year equivalent dataset of IceCube we investigate the possibility that the astrophysical (anti)neutrino flux (in the PeV energy range) could originate from β-decay of relativistic neutrons. We show that to accommodate IceCube observations it is necessary that only ∼ 10% of the emitted cosmic rays in the energy decade 10 8.5 E CR /GeV 10 9.5 , yielding antineutrinos on Earth (10 5.5 E ν /GeV 10 6.5 ), are observed. Such a strong suppression can be explained assuming magnetic shielding of the secondary protons which diffuse in extragalactic magnetic fields of strength 1 B/nG 100 and coherence length Mpc. . At E ν = 10 6.8 GeV, one expects to observe a dramatic increase in the event rate for ν e in ice due to the "Glashow resonance" in which ν e + e − → W − → shower greatly increases the interaction cross section [2] . Indeed, the detection effective area for ν e at the resonant energy is about 12 times that of off-resonance (ν e , ν µ , ν τ , ν µ , ν τ ) events. This implies that the falling power law of the incident neutrino spectrum (∝ E −Γ ν ) is effectively cancelled and that resonant ν e events could have been seen [3] .
It has been suggested that the possible deficit of muon tracks (as well as the apparent energy gap between 10 5.5 E ν /GeV 10 6.0 [1] ) is due to some non-standard physics which favors Earthly ratios nearly (1 : 0 : 0) ⊕ , e.g., neutrino decay [7] , CPT violation [8] , pseudo-Dirac neutrinos [9] , enhancement of neutrino-quark scattering by a leptoquark that couples to the τ -flavor and light quarks [10] , sterile neutrino altered dispersion relations due to shortcuts in extra dimensions [11] , and exotic very-soft interactions of cosmogenic neutrinos [12] . In this note we provide a more mundane explanation, in which a (3 : 1 : 1) ⊕ flux of antineutrinos originates via neutron β-decay [13] . The typical energy for the ν e in the lab is that of the parent neutron times Q/m n ∼ 10 −3 (the Q-value for β-decay is m n − m p − m e = 0.78 MeV). Therefore, to produce PeV antineutrinos we require a flux of
EeV neutrons. Herein we show that to accommodate IceCube observations it is necessary that only ∼ 10% of the emitted cosmic rays in the energy decade 10
E CR /GeV 10 9.5 , yielding antineutrinos on Earth (10
E ν /GeV 10 6.5 ), are observed. Such a strong suppression can be explained assuming magnetic shielding of the secondary protons which diffuse in extragalactic magnetic fields of strength 1 B/nG 100 and coherence length
Mpc. Before proceeding, we explore the required assumptions on parameters characterizing the neutron-emitting-sources (NES).
We assume that the production of neutrons and photons by cosmic ray accelerators is a consequence of photo-disintegration of high-energy nuclei, followed by immediate photoemission from the excited daughter nuclei. By far the largest contribution to the photoexcitation cross section comes from the Giant Dipole Resonance (GDR) at ǫ There are two channels other than photo-disintegration that might contribute to γ-ray and neutrino production. These are photo-hadronic (A − γ) and pure hadronic (A − p) interactions. In both cases, γ-rays (neutrinos) are produced after π 0 (π + and π − ) decays.
To avoid overproduction of neutrinos in the EeV energy range we assume that collisions of the relativistic nuclei with the cold ambient interstellar medium are strongly suppressed, due to an extremely low gas density. Photo-meson production has a very high energy threshold, being only relevant for very high energetic beams or in very hot photon environments. Even in these extreme cases, the fact that this reaction turns on at so high energies implies that the photons and neutrinos from decaying pions are produced at very high energies too. The energy threshold for GDR excitation is more than one order of magnitude below the threshold for photopion production, ǫ π,th γ ∼ 145 MeV. Therefore, in the energy decade of interest (10 8.5 GeV E n = E A /A 10 9.5 GeV) our choice of source parameters automatically suppresses photo-meson production.
Though all cosmic rays experiments point to a dominance of protons below the "ankle"
of the cosmic ray spectrum (that is E CR 10 9.6 GeV), there is a significant disagreement in interpretation of depth of shower maximum measurements above this energy, with HiRes [14] and TA [15] preferring nearly pure protons and Auger [16] preferring a transition to heavies.
To remain consistent with the non-observation of events at the Glashow resonance, the contribution to the cosmic ray flux from NES cannot extend beyond 10 9.6 GeV. This maximum energy is not inconsistent with the maximum observed energies if one assumes ultrahigh energy cosmic rays are heavy nuclei, e.g., for iron nuclei E max n ∼ 10 11 /56 GeV. If, on the other hand, the observed spectrum is dominated by protons above the ankle, we should then assume that there are two different types of sources contributing below and above the ankle [17] . This in turn provides a simple interpretation of the break in the spectrum;
namely, a new population of sources emerges which dominates the more steeply falling NES population.
We turn to the calculation. Compared to cosmic distances, the decay of even the boosted neutron may be taken as nearly instantaneous. Therefore, the basic formula that relates the neutron flux at the sources to the antineutrino flux observed at Earth (dF ν /dE ν ) is [13] :
where E ν and E n are the antineutrino and neutron energies in the lab, θ ν is the antineutrino angle with respect to the direction of the neutron momentum in the neutron rest-frame, and ǫ ν is the antineutrino energy in the neutron rest-frame. The last three variables are not observed by a laboratory neutrino-detector, and so are integrated over. The observable E ν is held fixed. The delta-function relates the neutrino energy in the lab to the three integration variables, E ν = γ n (ǫ ν + βǫ ν cos θ ν ) = E n ǫ ν (1 + cos θ ν /m n ), where γ n is the Lorentz factor and as usual β ≈ 1 is the particle's velocity in units of c. Here, Q n (E n ) is the neutron emissivity, defined as the mean number of particles emitted per co-moving volume per unit time per unit energy as measured at the source. In general, the emissivity may evolve and so depend on time or redshift, but we will ignore this here. We sum the sources out to the edge of the universe at distance H −1 0
(note that an r 2 in the volume sum is compensated by the usual 1/r 2 fall-off of flux per source). Finally, dP/dǫ ν is the normalized probability that the decaying neutron produces a ν e with energy ǫ ν in the neutron rest-frame. Note that the maximum ν e energy in the neutron rest frame is very nearly Q and the minimum neutrino energy is zero in the massless limit. For the decay of unpolarized neutrons, there is no angular dependence in dP/dǫ ν .
Performing the cos θ ν -integration in (1) over the delta-function constraint leads to
with ǫ
, and E min n = E ν mn 2Q
. An approximate answer is available if we take the β-decay as a 1 → 2 process of δm N → e − + ν e , in which the antineutrino is produced monoenergetically in the rest frame, with
where δm N ≃ 1.30 MeV is the neutron-proton mass difference. Setting the beta-decay neutrino energy ǫ ν equal to its mean value ≡ ǫ 0 , we have dP dǫ ν (ǫ ν ) = δ(ǫ ν − ǫ 0 ). In the lab, the ratio of the maximum ν e energy to the neutron energy is 2ǫ 0 /m n ∼ 10 −3 , and so the boosted ν e 's have a spectrum with E ν ∈ (0, 10 −3 E n ). When the delta-function is substituted into (2), we obtain
where E min n = max{E Next we must relate Q n to an observable. Establishing a connection between the secondary flux of protons dF CR /dE CR and the neutron emissivity is really simple because the β-protons, with energies 10
E CR /GeV 10 9.5 , travel undeterred through the universal radiation backgrounds permeating the universe. However, it is possible that some protons are shielded by the intergalactic magnetic field. This will restrict the number of contributing sources to the cosmic ray spectrum. Including here energy red-shifting by 1 + z, we obtain
where f is the fraction of protons reaching the Earth.
The two observables in (3) and (4), β-antineutrino and proton spectra at Earth, are related by the common source. The relation is made explicit by assuming a functional form for Q n (E n ). If we assume a power law with index Γ, as shown in [18] the integrals are easily done. For 10
E ν /GeV 10 6.5 , we obtain
where
On the other hand, for E ν 2ǫ 0 E GDR th /m n , the ν e spectrum is flat
because all the free neutrons have sufficient energy, E n 10 8.5 GeV, to contribute equally to all the ν e energy bins below E GDR th .
Taking Γ ≃ 2 as a reasonable example (5) yields
Substituting the observational value [19] ,
into (8) In the decade of energy under consideration cosmic ray protons are expected to diffuse in the extragalactic magnetic field. The "emitted" flux of protons would be suppressed if the diffusive propagation time from some sources to Earth becomes larger than the age of the universe. For nG strength and Mpc coherence length the maximal distance to the contributing sources is a few Mpc, and reduces to about 10 Mpc for a 100 nG strength [20] .
When such a maximal distance is compared to the horizon size of about 3 Gpc the required value of f can be entertained. Next, we estimate the γ-ray flux produced when the photo-dissociated nuclear fragments de-excite. These γ-rays create chains of electromagnetic cascades on the microwave and infrared backgrounds, resulting in a transfer of the initial energy into the so-called Fermi-LAT region, which is bounded by observation [22] to not exceed ω cas ∼ 5.8×10 −7 eV/cm 3 [23] .
Fortunately, we can finesse the details of the calculation by arguing in analogy to the work already done. The photo-disintegration chain produces one β-decay antineutrino with energy of order 0.55 MeV in the nuclear rest frame, for each neutron produced [24] . Multiplying this result by 2 to include photo-disintegration to protons in addition to neutrons correctly weights the number of steps in the chain. Each step produces on average one photon with energy ∼ 3 MeV in the nuclear rest frame. In comparison, about 12 times more energy is deposited into photons. Including the factor of 12 relating ω γ to ων e , we find from (8) that the photo-disintegration/de-excitation energy emitted in γ-rays, ω γ ∼ 1.1 × 10 −7 eV/cm 3 , is below the Fermi-LAT bound.
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The analysis described here is subject to several caveats: (i) We have ignored effects of energy red-shifting of the neutrino and possible source evolution. A more careful analysis would yield in (1) an additional factor:
We have assumed that not only the nuclei undergoing acceleration remained magnetically trapped in the source, but also the secondary protons released in the photo-disintegration process. This may decrease f by a factor of about 2. It is also worth stressing that the picture outlined above is driven by the canonical Fermi index of Γ ≃ 2. Given the current level of uncertainties on the source evolution and the magnetic horizon, shifting our assumed spectral index from Γ ≃ 2 2 The estimates in [20] assume the magnetic field power to be distributed homogeneously in space. For inhomogeneous extragalactic magnetic fields, the amplitude of f is controled by the strength of magnetic fields in the voids of the large scale structure distribution, which is subject to large uncertainties [21] . 3 ω ν is just the area under the E to Γ ≃ 2.5 will have little impact on the arguments concerning energetics explored herein.
In the future, improved measurements all-round will require a considerably more elaborate analysis, including detailed numerical simulations.
In closing, we note that E GDR th can be shifted to lower energies by considering a thermal photon background in the near infrared, ǫ γ ∼ 1 eV. Since the cosmic ray spectrum ∝ E −3.1 CR is softer than the neutrino spectrum ∝ E −2.46±0.12 ν [6] , the source energetics discussed herein would also easily accommodate the recently proposed two-component flux model [25] , in which a steeply falling flux of electron antineutrinos populates the "low-energy" range of the cosmic neutrino spectrum observed by IceCube, and is overtaken at "high energy" by a population of neutrinos produced through pion decay with a harder spectrum.
